Abstract-Some of the important areas of the lighting energy conservation research program currently being carried out at the Division of Building Research, National Research Council of Canada, are described.
and 50 percent of total energy consumption in the building [2] .
Lighting energy (E) is calculated as the product of two independent variables, power (p) and time (t):
Power is normally expressed in kilowatts and time in hours. This seemingly simple fact has been overlooked on many occasions by those involved in lighting energy conservation to the extent that their attention has focused entirely on reducing lighting levels (with an expected commensurate reduction in the installed or demand lighting load) as a sole means of achieving their goal.
Research at the DBR has taken a different approach. A major goal has been the development of a method of ensuring that lights are on when required and off when they are not.
The alternative approach of advocating a general reduction in lighting levels is beset with difficulties. The choice of the "correct" or "adequate" lighting level is arbitrary, and its implementation often creates controversy and dissatisfaction. In addition, a reduction of lighting levels may lead to a lowering of productivity and increased absenteeism. Although evidence for this is not extensively documented, there is considerable laboratory data to indicate that reductions in productivity could be expected. Setting an upper limit to the installed 0093-9994/80/0500-0419$00.75 ©) 1980 IEEE power load is again an arbitrary process and may not achieve the desired results if present waste is due to lamps being left on unnecessarily. Power 
II. MONITORING CONSUMPTION

A. Time-Lapse Photography
Data on typical lighting consumption patterns can be used in three ways. First, the potential effectiveness of alternative conservation strategies (e.g., automatic controls) can be compared. Second, an indication can be obtained of the percentage of electricity consumed by lighting alone compared to other building services and its effect on peak demand for electricity. Third, profiles of use needed as input to building-energy-analysis computer programs can be obtained.
The data required at any given instant include 1) the fraction of maximum lighting load switched on; 2) the contribution of natural daylight to internal illuminance levels and its effect on the use of artificial light; 3) the number of occupants in the space; 4) the activity being performed in the space.
Time-lapse photography can be employed to collect the information periodically in a single photographic frame. An ordinary 8-mm movie camera fitted with a wide-angle lens is suspended from the ceiling, positioned in such a way that its field of view contains the luminaires in the ceiling and most of the floor space ( Figs. 1 and 2 ). In certain installations the switching arrangement of the luminaires allows the field of view to be limited to a single luminaire in each switching circuit. Knowing that a particular luminaire has been switched on also indicates that the remainder in the particular switching circuit are similarly activated. Restricting the field of view of the ceiling in this way can enable a larger floor area to be monitored for determining space occupancy.
A small analog quartz watch is mounted in front of the camera to indicate the time in hours and minutes. A timing circuit, placed above the ceiling, controls the activation of the automatic camera exposure mechanism and the shutter control. A single frame can be exposed typically at 6-to 8-min intervals. With 3600 frames on a 50-ft film (color, super 8) the film cassette must be changed every 20 days. The timing circuit and camera are powered by a single 6-V lantern battery with a typical life of up to six months.
Radiation data are also monitored for future work on the contribution of natural daylight to interior illumination levels. This work will be aimed at predicting the savings that can be attained with automatic light controls that switch or dim artificial light in response to changes in the available daylight. Also, patterns of switching behavior can be explored, such as the determination of the threshold interior illuminance at which artificial lights are activated.
Details of studies of two open-plan office spaces and one school classroom which have been carried out to date will (Figs. 3 and 4 ). Office space I spanned an area of 242 mi2; its southwest wall was approximately 80 percent glazed. Three switching zones were controlled from wall-mounted rocker switches at one end of the office. The individual switches were labelled in accordance with the floor area they controlled. It was not possible to collect meaningful occupancy data because acoustic screens surrounding each work space interfered with the camera field of view. Fig. 3 shows that between 09:00 and 16:00 the full lighting load was used all of the time. No switching occurred with respect to daylight or occupancy. Lighting energy consumed between 08:00 and 16:00 accounted for 72 percent of total daily average consumption; six percent of the energy was used before 08:00, and the remaining 22 percent after 16:00.
Cleaning activities, in the absence of office workers, took place on average after 17:00; lighting energy consumption for this particular purpose was 14 percent of the total daily average.
On most occasions (approximately 11 of the 16 days monitored) the cleaners preferred to have all the lamps on when working, switching them off on completion of their task. In the remain- ing instances use was made of zonal switching in the office, with less than half the lights switched on at any one time.
There was almost no variability from day to day in the pattern of light usage, indicating that the profile shown in Fig. 3 is typical for the time of year in which the study took place (August/September). Fig. 5 illustrates the predicted use of artificial light within the space if there is no zonal switching. This can be calculated from the raw data by assuming that each time the lamps are switched on or off the entire lighting load is under control, i.e., conditions that would prevail if a single switch controlled the entire space. The predicted quantities may be considered conservative estimates because it is probable that the lamps would be switched less frequently if there were only one switch control available. The difference in total equivalent load between this estimated use and the actual consumption provides a conservative estimate of nine-percent savings achieved from a zonal switching facility. The true savings lie somewhere between this figure and savings that accrue when the zonal switching system is compared to the situation where the entire lighting load is completely out of control of the occupants. Then, the pattern of use would be similar to profile C in led from three wall-mounted switch panels separately located within the space.
Selective switching of the luminaires occurred on only 11I days of the 45 monitored, and with one exception, this took place before 08:00. The cleaning staff were therefore the only personnel to utilize separately the two switching circuits available. Consequently, the pattern of hours of use for the two switching zones are almost identical and follow the pattern obtained for the equivalent kilowatt-hour profile illustrated in Fig. 4 , because a fixed load, equal to the total lighting power load, was activated most of the time.
Lighting energy consumed between 08:00 and 17:00 accounted for 85 percent of the total daily average consumption; six percent of the energy was used before 08:00 and the remaining nine percent after 17:00. Nearly all of the six percent use before 08:00 can be attributed to cleaning activities. The occupancy data, Fig. 6 Fig. 7 , the occupancy pattern in Fig. 8 , and equivalent kilowatt-hour consumption in Fig. 9 One can also analyze the pattern of switching lights on and off (Figs. 10 and 11) . The total number of switchings were reasonably equal amongst the different rows indicating little selective switching. Most switch ON'S occurred between 09:00 and 10:00 at the start of school, then after lunch, followed by mid-afternoon between 13:00 and 15:00. The majority of switch OFF'S occurred at the end of school between 1 5:00 and 16:00. Table II gives an indication of the potential daylight penetration of the space. However, evidence from the film records indicate that when direct sunlight was incident on the east glazed wall during the morning session, the curtains were drawn, necessitating the use of artificial light. In contrast to the office studies where the full lighting load was used between 09:00 and 16:00, the school occupants switched the load on and off in relation to their occupancy of the space. By switching the luminaires off during the core time. a 41-percent saving in energy was realized in comparison to full load utilization. However, the absence of any significant selective switching between rows of luminaires indicates little switching of light in relation to daylight.
Although no general conclusions can be drawn from the limited studies described here, they do serve to illustrate the wealth of information that can be obtained from the timelapse photographic technique. Such information removes some of the guesswork in calculating the cost effectiveness of alternative control conservation strategies. Considerable work lhas already been performed in the U.K. along these lines to determine the economics of automated daylight-linked lighting control systems [4] . In addition, the cost effectiveness of installing more manual switches and occupancy detectors and replacing fluorescent lamps with more efficient high-intensity discharge (HID) sources (for installations where infrequent or zero switching of lights can be expected during core hours) can be explored.
B. Remote Wireless Lighting Energy Monitor
The remote lighting energy monitor developed from a research requirement to monitor the lighting energy consumption in office and school buildings separately from other building electrical services. The mode of operation of the device is to accumulate and record the number of hours a given lighting circuit is on. Energy consumption is then calculated as the product of the power load (kW) and recorded hours of use for that switch circuit. The power load in a given circuit for lamps of given wattage is obtained as (number of lamps X lamp wattage) + (number of ballasts X ballast loss). Where more than one luminaire is controlled by a single switch, it is only necessary to meter a single luminaire to obtain the energy consumption for the total circuit.
Since the initial prototype was assembled at DBR, a number of alternative electronic design approaches have been explored. One of the more promising and potentially inexpensive is to couple an electronic accumulator to a phototransistor. Artificial lights operated from a 60-Hz electricity supply produce an imperceptible 120-Hz periodic variation in light output. This "flicker" is detected by a phototransistor, which conducts current proprotionately to the quantity of light it receives, producing pulses at a 1 20-Hz rate. The pulses are accumulated in a counter chain in decimal units up to 999.9 hI (Fig. 12) . The device, powered by a 9-V transistor-type battery, will operate up to six months at which time the battery is replaced and the accumulated time is automatically reset to zero.
Installation costs are low because no wiring is necessary. If the meter were read with sufficient frequency over a representative period of time, a daily power-load pattern for lighting would emerge. Building owners and operators could then evaluate the dollar savings possible by regulating load demand in relation to peak electricity rates. Electricity generating and distributing companies might be interested to obtain such data for use in their present and future generating capacity plans and energy conservation programs.
It is believed that the DBR time-elapsed meter is the first to provide a convenient method for inexpensive remote wireless monitoring of lighting energy consumption separately from other electrical services. It is most common for electrical panelboards to distribute electricity for a variety of uses, e.g., lighting, office equipment, and maintenance machinery. This precludes the connection of conventional ac time-elapsed meters to panelboards to monitor lighting energy separately.
The normal approach would be to use a meter in series with every lighting switch circuit. There are numerous disadvantages with such a procedure, however, from both research and energy management considerations. 1) Cost: An electrical contractor must be hired to install the meters. The unit price of a typical meter is currently about $30, the DBR device will cost less than $20.
2) Legal and Safety Regulations: Since the wiring of the building would be interfered with, permission of the building owner or operator must be sought and the cooperation of the resident plant engineer obtained. All safety regulations must be checked.
3) Inconvenience: Most commercial time-elapsed meters are conspicuous in their design. For research purposes, one would prefer an inconspicuous design so as not to affect the normal behavioral pattern of the occupants. A conspicuous meter may also be considered as a detraction to the decor and mood of the interior. Such problems of aesthetics can be a serious drawback when trying to persuade the occupants to cooperate in collecting the data.
III. LIGHTING CONTROLS Lighting controls range in sophistication from the common wall-mounted rocker switch to microprocessor-controlled carrier-frequency line control. The time-lapse photographic studies have revealed in some installations the profound effect that the design and location of the seemingly innocuous wall switch have on the pattern of light usage. Instances have occurred where luminaires have been switched in relation not to where the occupants sit, nor daylight levels but rather following a left-to-right movement of the hand across the switching panel. Where switch panels are inaccessible or inconveniently located they will generally be underused as was the case in the office studies. Furthermore, the number and location of luminaires controlled by individual switches certainly determine their potential for controlling the efficient use of lighting energy. Some effort is therefore devoted to making the manual light switch as efficient as possible within the economic constraints set by the building owner/operator and the behavior of the user. To this end, certain control devices are being developed. These include a simple ceiling-mounted pull-cord switch, an remote controls that use ultrasound and infrared frequencies as the transmitting media.
The ceiling-mounted pull-cord switch perhaps deserves special mention as a possibly attractive low-technology control device and will illustrate the criteria by which one should judge the cost effectiveness of any switch. The pull-cord switch is commonly used in store rooms and residential basements but rarely in offices. For offices, the switch has the following advantages which are especially appealing for retrofit.
1) It can conveniently located above or near each work station, facilitating individual lighting control.
2 The success of this control and others mentioned earlier, however, is dependent on the behavior of the user. To circumvent this unknown factor, automatic control systems are being evaluated. The installation of time clocks with override facilities provides a relatively inexpensive method of securing some degree of control. In larger installations the use of automatic daylight-linked lighting systems controlled by photocells mounted in the interior ceiling can yield substantial savings. The simplest and cheapest system is an on/off control. More sophisticated and expensive are continuous dimming systems, which in many circumstances are more acceptable to the occupants and, with additional on/off capabilities, save the maximum energy. The system operates by activating luminaires when daylight in the interior falls below a preset value and deactivating when sufficient daylight becomes available.
Although analytic techniques [41, [7] have been developed to predict energy savings from daylight-linked automatic controls they are either simplified to the extent that their built-in assumptions are questionable, or complex enough to require considerable computer time. In June, 1977, DBR installed an automatic-control system in an office with considerable daylight penetration to actually measure the energy savings and test a commercial system. The measured savings accrued, compared to typical consumption patterns (as for offices I and II described earlier), are illustrated in Fig. 14. To date, the suminexpensive wall-timer switch, and low-voltage and wireless dicted core consumption. Of this 75-percent saving, approximately 46 percent is due simply to the on/off facility, the remainder achieved by continuous dimming. Predictably, in the winter months, with reduced daylight hours, the major savings can be attributed to the dimming control. This trend is reversed, however, when the ground is covered with snow. The first snowfall was recorded in late November and the dramatic change in energy consumption is revealed in the December data points.
[V. CONCLUSIONS The work described in this paper is part of a research program being carried out at the Division of Building Research, National Research Council to achieve cost-effective and environmentally acceptable lighting systems that are optimized for energy efficiency, worker productivity and satisfaction. Other aspects of the work at DBR such as task-ambient lighting systems, visual performance, and visibility methods will be the subject of future reports.
The time-lapse photographic technique is invaluable in obtaining detailed information of just how people use lighting energy and provides the basic data necessary to evaluate the cost-effectiveness of alternative conservation strategies. The remote wireless lighting energy monitor will provide, for the first time, accurate and comprehensive data on lighting energy consumption for the various consumers. A number of lighting control systems are being developed with industry and this is regarded as an especially worthwile activity in view of the imminence of energy budget building codes.
